Fig. P1
. CO 2 emissions by fossil fuels (1 ppm CO 2 ~ 2.12 GtC). Estimated reserves and potentially recoverable resources are from EIA (9) and GAC (10).
Governments not only allow this activity, but use public funds to subsidize fossil fuels at a rate of 400-500 billion US$ per year (5) . Nor are fossil fuels required to pay their costs to society. Air and water pollution from extraction and burning of fossil fuels kills more than 1,000,000 people per year and affects the health of billions of people (6) . But the greatest costs to society are likely to be the impacts of climate change, which are already apparent and are expected to grow considerably (7, 8) .
Fossil fuel emissions to date are only a small fraction of potential emissions from known reserves and potentially recoverable resources (Fig. P1) . Although there are uncertainties in reserves and resources, ongoing fossil fuel subsidies and continuing technological advances ensure that more and more of these fuels will be economically recoverable.
Burning all fossil fuels would create a very different planet than the one that humanity knows. The paleoclimate record and ongoing climate change make it clear that the climate system would be pushed beyond tipping points, setting in motion irreversible changes, including ice sheet disintegration with a continually adjusting shoreline, extermination of a substantial fraction of species on the planet, and increasingly devastating regional climate extremes.
Earth's paleoclimate history helps us assess levels of global temperature consistent with maintaining a planet resembling that to which civilization is adapted, for example, avoiding sea level rise of many meters. Earth's measured energy imbalance during a time of minimum solar irradiance, with Earth absorbing more solar energy than the heat energy it radiates to space, confirms the dominant effect of increasing atmospheric CO 2 on global temperature (11) and allows us to determine fossil fuel emission reductions needed to restore Earth's energy balance, which is the basic requirement for stabilizing climate.
We conclude that initiation of phase-out of fossil fuel emissions is urgent. For example, if emission reductions begin this year the required rate of decline is 6%/year to restore Earth's energy balance, and thus approximately stabilize climate, by the end of this century. If emissions reductions had begun in 2005, the required rate was 3%/year. If reductions are delayed until 2020, the required reductions are 15%/year. And these scenarios all assume a massive 100 GtC reforestation program, essentially restoring biospheric carbon content to its natural level.
The implication is that we must transition rapidly to a post-fossil fuel world of clean energies. This transition will not occur as long as fossil fuels remain the cheapest energy in a system that does not incorporate the full cost of fossil fuels. Fossil fuels are cheap only because they are subsidized, and because they do not pay their costs to society. The high costs to human health, food production, and natural ecosystems of air and water pollution caused by fossil fuel extraction and use are borne by the public. Similarly, costs of climate change and ocean acidification will be borne by the public, especially by young people and future generations.
Thus the essential underlying policy is for emissions of CO 2 to come with a price that allows these costs to be internalized within the economics of energy use. The price should rise over decades to enable people and businesses to efficiently adjust their lifestyles and investments to minimize costs.
Fundamental change is unlikely without public support. Gaining that support requires widespread recognition that a prompt orderly transition to the post fossil fuel world, via a rising price on carbon emissions, is technically feasible and may even be economically beneficial apart from the benefits to climate.
The most basic matter is not one of economics, however. It is a matter of morality -a matter of intergenerational justice. As with the earlier great moral issue of slavery, an injustice done by one race of humans to another, so the injustice of one generation to all those to come must stir the public's conscience to the point of action. Global warming due to human-made gases, mainly CO 2 , is already 0.8°C and deleterious climate impacts are growing worldwide. More warming is "in the pipeline" because Earth is out of energy balance, with absorbed solar energy exceeding planetary heat radiation. Maintaining a climate that resembles the Holocene, the world of relatively stable climate and shorelines in which civilization developed, requires rapidly reducing fossil fuel CO 2 emissions. Such a scenario is economically manageable and has multiple benefits for humanity and other species. Yet fossil fuel extraction is expanding, including highly carbon-intensive sources that can push the climate system beyond tipping points such that amplifying feedbacks drive further climate change beyond humanity's control. This situation raises profound moral issues in that young people, future generations, and nature, with no possibility of protecting their future well-being, will bear the principal consequences of actions and inactions of today's adults.
We seek to clarify and quantify the urgency of phasing out fossil fuel emissions for the sake of avoiding disastrous climate change. We use Earth's paleoclimate history to determine the levels of global temperature that are consistent with maintaining a planet resembling that to which civilization is adapted. We use a tested carbon cycle model and a simple representation of global temperature and climate sensitivity consistent with paleoclimate data to determine the fossil fuel emission reductions that will be required to restore Earth's energy balance, which is the basic requirement for stabilizing climate. We also discuss the moral issues, our obligations to young people, future generations, less developed nations, indigenous people, and our fellow species. from the Mount Pinatubo volcanic eruption, which reduced sunlight reaching Earth's surface as much as 2%. The long-term global warming trend is predominately a forced climate change caused by increased human-made atmospheric gases, mainly CO 2 (1) .
The basic physics underlying this global warming, the greenhouse effect, is simple. An increase of gases such as CO 2 has little effect on incoming sunlight but makes the atmosphere more opaque at infrared wavelengths that radiate heat to space. The resulting Earth energy imbalance, absorbed solar energy exceeding heat emitted to space, causes the planet to warm.
Efforts to assess dangerous climate change have focused on estimating a permissible level of global warming. The Intergovernmental Panel on Climate Change (1, 2) summarized broad-based assessments with a "burning embers" diagram, which indicated that major problems begin with global warming of 2-3°C. A probabilistic analysis (3), still partly subjective, found a median "dangerous" threshold of 2.8°C, with 95% confidence that the dangerous threshold was 1.5°C or higher. These assessments were relative to global temperature in 2000; add 0.7°C to obtain warming relative to 1880-1920. The conclusion that humanity could tolerate global warming up to a few degrees Celsius meshed with common sense. After all, people readily tolerate much larger regional and seasonal climate variations.
The fallacy of this logic emerged in recent years as numerous impacts of global warming became apparent. Summer sea ice cover in the Arctic plummeted in 2007 and 2011 to an area 40 percent less than a few decades earlier and Arctic sea ice thickness declined a factor of four faster than simulated in IPCC climate models (4) . The Greenland and Antarctic ice sheets began to shed ice at a rate, now several hundred cubic kilometers per year, which is continuing to accelerate (5, 6) . Mountain glaciers are receding rapidly all around the world with effects on seasonal freshwater availability of major rivers (7, 8) . The hot dry subtropical climate belts have expanded as the troposphere has warmed and the stratosphere cooled (9-11), probably contributing to observed increases in the area and intensity of wildfires (12) . The abundance of reef-building corals is decreasing at a rate of 0.5-2%/year, at least in part due to ocean warming and acidification caused by rising dissolved CO 2 (13) (14) (15) . More than half of all wild species have shown significant changes in where they live and in the timing of major life events (16, 17) . Mega-heatwaves, such as those in the Moscow area in 2010 and Texas in 2011, have become more widespread with the increase demonstrably linked to global warming (18) .
In recognition of observed growing climate impacts while global warming is less than 1°C, reassessment of the dangerous level of warming is needed. Earth's paleoclimate history provides a valuable tool for that purpose.
Paleoclimate Temperature. Global surface temperature in the Pliocene and Pleistocene (Fig. 2) is inferred from the composition of shells of deep-sea-dwelling microscopic animals preserved in ocean sediments (19, 20) . Surface temperature change between the Holocene and the last ice age was about 1.5 times larger than deep ocean temperature change, because deep ocean temperature was limited as it approached the freezing point (21) . We assume the same surface temperature amplification toward higher temperatures, which thus may tend to overestimate Pliocene surface temperature (21) .
We concatenate paleoclimate ( Fig. 2) and modern ( Fig. 1 ) temperature records via the assumption that peak Holocene temperature (prior to the warming of the past century) was +0.5° ±0.25°C relative to the 1880-1920 mean. The facts that Antarctica and Greenland are losing mass at an accelerating rate (5, 6 ) and sea level is rising at a rate (+3m/millennium) much higher than during the past several thousand years provide strong evidence that the temperature in the past decade (+0.75°C relative to 1880-1920) exceeded the prior Holocene maximum. Climate oscillations evident in Fig. 2 were instigated by small perturbations of Earth's orbit and the tilt of its spin axis relative to the orbital plane that alter the seasonal and geographical distribution of sunlight on the planet (19) . These forcings change very slowly, with periods between 20,000 and 400,000 years, and thus the climate is able to stay in quasiequilibrium with the forcings. The slow insolation changes instigated the climate oscillations in Fig. 2 , but the mechanisms that caused the climate changes to be so large were two powerful amplifying feedbacks: the planet's surface albedo (its reflectivity, literally its whiteness) and the atmospheric CO 2 amount. As the planet warms, ice and snow melt, causing the surface to be darker, absorb more sunlight and warm further. As the ocean and soil become warmer they release CO 2 and other greenhouse gases, causing further warming. These amplifying feedbacks were responsible for almost the entire glacial-to-interglacial temperature change (22) (23) (24) .
Albedo and CO 2 feedbacks acted as slaves to weak orbital forcings in the natural climate variations in Fig. 2 , changing slowly over millennia. Today, however, CO 2 is under the control of humanity as fossil fuel emissions overwhelm natural changes. Atmospheric CO 2 has increased rapidly to a level not seen for at least 3 million years (25) . Global warming induced by increasing CO 2 will cause ice to melt and sea level to rise as the global volume of ice moves toward the quasi-equilibrium amount that exists for a given global temperature. As the ice melts and its area decreases the albedo feedback will amplify global warming.
Paleoclimate data yield an estimate of eventual ice melt and sea level rise for a given global warming. The Eemian and Hosteinian interglacial periods (Fig. 2B) , also known as marine isotope stages 5e and 11, respectively about 130,000 and 400,000 years ago, were about 1°C warmer than the 1880-1920 mean (Fig. 2B) , where paleo temperature relative to the modern era is based on our conclusion above that peak global Holocene temperature exceeded the 1880-1920 mean by 0.5 ± 0.25°C. These prior two interglacials were warm enough for sea level to reach levels at least 4-6 meters higher than today (26) (27) (28) . Ominously, global mean temperature 2°C higher than the 1880-1920 mean has not existed since at least the early to mid Pliocene ( Fig.  2A ). Inference of Pliocene sea level change from shoreline features is complicated by local tectonics, local sediment loading, convective flow in Earth's mantle, and regional vertical movement of the crust due to ice sheet loading or unloading (29) , but the data suggest that sea level reached heights as much as 15-25 meters greater than today (29) (30) (31) (32) .
Paleoclimate records are less useful for estimating how fast ice sheets will respond to global warming, because the human-made climate forcing is nearly instantaneous compared with the slowly changing forcings that drove the climate changes in Fig. 2 . However, paleoclimate data commonly exhibit sea level change of more than 1 m/century in response to climate forcing much smaller than the forcing that will occur this century with continuing fossil fuel use (26) (27) (28) .
Global observations of on-going climate system changes provide another assessment tool. The rapid warming of the past three decades (Fig. 1) is already producing measurable effects, as discussed below.
Earth's Energy Imbalance
At a time of climate stability, Earth radiates as much energy to space as it absorbs from sunlight. Today Earth is out of balance because increasing atmospheric gases such as CO 2 reduce Earth's heat radiation to space, causing an energy imbalance, more energy coming in than going out. This imbalance causes Earth to warm and move back toward energy balance, but warming and restoration of energy balance are slowed by Earth's thermal inertia, due mainly to the ocean.
The immediate planetary energy imbalance caused by a CO 2 increase can be calculated precisely. The radiation physics is rigorously understood and does not require a climate model. But the ongoing energy imbalance is reduced by the fact that Earth has already warmed 0.8°C, thus increasing heat radiation to space. The imbalance is also affected by other factors that alter climate, such as changes of solar irradiance, the reflectivity of Earth's surface, and aerosols.
Determination of the state of Earth's climate therefore requires measuring the energy imbalance. This is a challenge, because the imbalance is expected to be only about 1 W/m 2 or less, so accuracy approaching 0.1 W/m 2 is needed. The most promising approach is to measure the rate of changing heat content of the ocean, atmosphere, land, and ice (33).
Observed Energy Imbalance. Nations of the world have launched a cooperative program to measure changing ocean heat content, distributing more than 3000 Argo floats around the world ocean, with each float repeatedly lowering an instrument package to a depth of 2 km and back (34) . Ocean coverage by floats reached 90% by 2005 (34) , with the gaps mainly in sea ice regions, yielding the potential for an accurate energy balance assessment, provided that several systematic measurement biases exposed in the past decade are minimized (35, 36) . Earth's energy imbalance averaged over the 11-year cycle of solar variability should be larger than the measured +0. 58 (33, 39) .
The measured energy imbalance affirms that a good initial CO 2 target to stabilize climate near current temperatures is "<350 ppm" (20) . Specification of a more precise CO 2 target now is difficult and unnecessary, because of uncertain future changes of other forcings including other gases, ground albedo, and aerosols. More precise knowledge of the best target will become available during the time that it takes to turn around CO 2 growth and approach the initial 350 ppm target.
Ironically, future reductions of particulate air pollution may exacerbate global warming by reducing the cooling effect of reflective aerosols. However, a concerted effort to reduce non-CO 2 forcings by methane, tropospheric ozone, other trace gases and black soot might counteract the warming from a decline in reflective aerosols (39) . Our calculations below of future global temperature assume that compensation. If that goal is not achieved, future warming could exceed calculated values.
Carbon Cycle and Atmospheric CO 2
The carbon cycle defines the fate of CO 2 injected into the air by fossil fuel burning (1, 40) as the CO 2 distributes itself over time among surface carbon reservoirs: the atmosphere, ocean, soil, and biosphere. We use the dynamic-sink pulse-response function version of the well-tested Bern carbon cycle model (41), as described elsewhere (20, 42) .
A pulse of CO 2 injected into the air decays by half in about 25 years ( Fig. 3 ), but nearly one-fifth is still in the atmosphere after 500 years. Eventually, over millennia, weathering of rocks will deposit this excess CO 2 on the ocean floor as carbonate sediments.
A negative CO 2 pulse decays at about the same rate as a positive pulse (Fig. 3A) , which is an important fact for policy considerations. If it is decided in the future that CO 2 must be sucked from the air and removed from the carbon cycle (e.g., by making carbonate bricks or storing the CO 2 in underground reservoirs), the effect of the atmospheric CO 2 reduction will decline as the negative CO 2 increment becomes spread among the carbon reservoirs. The main process limiting the long-term impact on atmospheric CO 2 is degassing from the ocean as equilibrium is established among the carbon reservoirs.
How fast atmospheric CO 2 declines if fossil fuel emissions are instantly terminated ( Fig.  3B ) is instructive. Halting emissions in 2015 causes CO 2 to decline to 350 ppm at the century's end (Fig. 3b) . A 20 year delay in halting emissions has CO 2 returning to 350 ppm at about 2300. With a 40 year delay, CO 2 does not return to 350 ppm until after 3000. These results show how difficult it is to get back to 350 ppm if high emissions continue for even a few decades. Reforestation and Soil Carbon. The long CO 2 lifetime does not make it impossible to return CO 2 to 350 ppm this century. Reforestation and increasing soil carbon can help draw down atmospheric CO 2 , even though the effect on atmospheric CO 2 amount decays (Fig. 3a) .
Fossil fuels account for about 80% of the CO 2 increase from preindustrial 275 ppm to 390 ppm today, with deforestation accounting for the other 20%. Net deforestation to date is estimated to be 100 GtC (gigatons of carbon) with ±50% uncertainty (43) .
Although complete restoration of deforested areas is unrealistic, a 100 GtC carbon storage is conceivable because: (1) the human-enhanced atmospheric CO 2 level increases carbon uptake by vegetation and soils, (2) improved agricultural practices can convert agriculture from a CO 2 source into a CO 2 sink (44), (3) biomass-burning power plants with CO 2 capture and storage can contribute to CO 2 drawdown.
Forest and soil storage of 100 GtC is a challenge, but it has other benefits. Reforestation has been successful in diverse places (45) . Minimum tillage with biological nutrient recycling, as opposed to plowing and chemical fertilizers, could sequester 0.4-1.2 GtC/year (46, 47) while conserving water in soils, building agricultural resilience to climate change, and increasing productivity especially in smallholder rain-fed agriculture, thereby reducing expansion of agriculture into forested ecosystems (36, 48) .
Reforestation may be most beneficial in the tropics (49, 50) , avoiding potential unintended impacts of major reforestation elsewhere (51) . Net deforestation in recent decades has occurred mostly in the tropics (1, 52) , so a large amount of land suitable for reforestation (meeting UNFCCC criteria) exists there (53) .
Use of bioenergy to draw down CO 2 should employ feedstocks from residues, wastes, and dedicated energy crops that do not compete with food crops, thus avoiding loss of natural ecosystems and cropland (54) (55) (56) . Reforestation competes with agricultural land use; land needs could decline by reducing use of animal products, as livestock now consume more than half of all crops (57, 58) .
Our reforestation scenarios decrease today's net deforestation rate linearly to zero in 2030, followed by a sinusoidal 100 GtC biospheric carbon storage over 2031-2080. Alternative timings do not alter conclusions about the potential to achieve a given CO 2 level such as 350 ppm. These results emphasize the urgency of initiating emissions reduction. If emissions reduction had begun in 2005, reduction at 3.5%/year would have achieved 350 ppm at 2100. Now the requirement is at least 6%/year. If we assume only 50 GtC reforestation, the requirement becomes at least 9%/year. Further delay of emissions reductions until 2020 requires a reduction rate of 15%/year to achieve 350 ppm in 2100.
Geo-Engineering Atmospheric CO 2 . Perceived political difficulties of phasing out fossil fuel emissions have caused a surge of interest in possible "geo-engineering" designed to minimize human-made climate change (59) . Such efforts must remove atmospheric CO 2 , if they are to address direct CO 2 effects such as ocean acidification as well as climate change.
At present there are no technologies capable of large-scale air capture of CO 2 . Keith et al. (60) suggest that, with strong research and development support and industrial scale pilot projects sustained over decades, costs as low as ~$500/tC may be achievable. An assessment by the American Physical Society (61) argues that the lowest currently achievable cost, using existing approaches, is much greater ($600/tCO 2 or $2200/tC
The cost of removing 50 ppm of CO 2 , at $500/tC, is ~$50 trillion (1 ppm CO 2 is ~2.12 GtC), but more than $200 trillion for the price estimate of the American Physical Society study. Moreover, the resulting atmospheric CO 2 reduction is only ~15 ppm after 100 years, because the extraction induces counteracting changes in the other surface carbon reservoirs -mainly CO 2 outgassing from the ocean (Fig. 3A) . The estimated cost of maintaining a 50 ppm reduction on the century time scale is thus ~$150-600 trillion. The cost of air capture and storage of CO 2 may decline, but the practicality of carrying out such a program in response to a climate emergency is dubious, and today's young people and future generations would inherit a huge burden. 
Future Global Temperature Change
Future global temperature change depends primarily on atmospheric CO 2 . CO 2 accounts for more than 80% of the growth of greenhouse gas climate forcing in the past 15 years (62). We approximate the net future change of human-made non-CO 2 forcings as zero, as discussed above. We neglect future changes of natural climate forcings, such as solar irradiance and volcanic aerosols, whose variability contributes little to long-term global temperature trend.
Simulated Global Temperature. We calculate global temperature change for a given CO 2 scenario using a climate response function that accurately replicates results from a global climate model with sensitivity 3°C for doubled CO 2 (33) . Climate forcings that we use for the past [ Slow Climate Feedbacks and Tipping Points. Our climate simulations, as with most climate models, incorporate only the effect of fast feedbacks in the climate system, such as water vapor, clouds, aerosols, and sea ice. Slow feedbacks, such as ice sheet disintegration are not included.
Excluding slow feedbacks is appropriate for the past century, because we know the ice sheets were stable and our climate simulations employ observed greenhouse gas amounts that include any changes caused by slow feedbacks. Exclusion of slow feedbacks in the 21 st century, however, is a dubious assumption, which we used only because the rate at which slow feedbacks will come into play is unknown.
Slow feedbacks are important because of their impact on threshold or "tipping point" events (20, 63) . Climate tipping points occur when climate change reaches a level where further large and possibly rapid changes become inevitable, proceeding mostly under their own momentum. Ice sheets provide an example. Once disintegration of an ice sheet is well underway the dynamics of the process takes over. At that point, reducing greenhouse gases cannot prevent substantial sea level rise.
Extermination of species can also reach a tipping point, because of interdependencies among species. Thus climate change that is large enough or fast enough can cause entire ecosystems to collapse, leading to mass extinctions (17) .
Methane hydrates -methane molecules trapped in frozen water molecule cages in tundra and on continental shelves (64) -provide another potential tipping point. If methane hydrates thaw on a large scale they could greatly amplify global warming (65) , because methane is a powerful greenhouse gas. There is already evidence of methane release from thawing permafrost on land (66) and from sea-bed deposits including methane hydrates (67) .
Dangerous Global Warming. Tipping points help define the dangerous level of global warming, even though their nonlinear nature inhibits accurate predictability of temporal details of collapse. Assessment of tipping point threats is aided by the combination of paleoclimate records defining a quasi-equilibrium response to climate change and observations of ongoing dynamical responses to current global warming.
Ice sheets and sea level are a prime example. Paleoclimate data indicate that 1°C global warming above preindustrial levels (to the Eemian level) is likely to cause eventual sea level rise of several meters and 2°C (early Pliocene level) could cause eventual sea level rise as great as 15-25 m (29-32). Satellite measurements of Earth's gravity field reveal that Greenland and Antarctica are losing mass and the rate of loss has accelerated since measurements began in 2002 (5, 6), even though global temperature has barely risen above the Holocene temperature range in which the ice sheets have been stable for millennia.
Methane hydrates have been implicated by paleoclimate data as a likely principal mechanism in several rapid global warmings (68, 69 ). This appears to have occurred as a powerful feedback amplifying a natural warming trend (68) (69) (70) , (see Supporting Information). Global warming of 2°C, amplified at high latitudes, would commit large areas of permafrost to thawing and might destabilize methane hydrates in ocean sediments.
Global warming to date is at most a few tenths of a degree above the prior Holocene range. Impacts on ice sheets and permafrost carbon are small so far, suggesting that these feedbacks may not be a major factor if global warming, now about 0.8°C, reaches a maximum of only ~1°C and then recedes, as in the scenario of Figs. 4A and 5A.
In contrast, the scenarios that reach 2°C or even 1.5°C global warming via only fast feedbacks appear to be exceedingly dangerous. These scenarios run a high risk of the slow feedbacks coming into play in major ways. However, we lack knowledge of how fast the slow feedbacks would occur, and thus which generations would suffer the greatest consequences.
The available information suggests that humanity faces a dichotomy of possible futures. Either we achieve a scenario with declining emissions, preserving a planetary climate resembling the Holocene, or the climate is likely to pass tipping points with amplifying feedbacks that assure transition to a very different planet with both foreseeable and unforeseen consequences.
Likely Impacts of Global Warming
Sea Level. The prior interglacial period, the Eemian, was at most ~1°C warmer than the Holocene (Fig. 2) . Sea level reached heights several meters above today's level with instances of sea level change by 1-2 m/century (26, 71) . Geologic shoreline evidence has been interpreted as indicating a rapid sea level rise to a peak 6-9 meters above present late in the Eemian followed by a precipitous sea level fall (28, 72) , although there remains debate within the research community about this specific history. An important point is that Eemian sea level excursions imply that rapid partial melting of Antarctic and/or Greenland ice occurred when the world was little warmer than today.
During the early Pliocene, which was only 1-2°C warmer than the Holocene (Fig. 2) , sea level attained heights as much as 15-25 meters higher than today (29) (30) (31) (32) . Such sea level rise suggests that parts of East Antarctica must be vulnerable to eventual melting with global temperature increase of 1-2°C. Indeed, satellite gravity data and radar altimetry reveal that the Totten Glacier of East Antarctica, which fronts a large ice mass grounded below sea level, is already beginning to lose mass (73) . Expected human-caused sea level rise is controversial because predictions focus on sea level rise at a specific time, 2100. Prediction of sea level on a given date is inherently difficult, because it depends on how rapidly non-linear ice sheet disintegration begins. Focus on a single date also encourages people to take the estimated result as an indication of what humanity faces, thus failing to emphasize that the likely rate of sea level rise immediately after 2100 will be far larger than within the 21 st century, if CO 2 emissions continue to increase. Most recent estimates of sea level rise by 2100 have been of the order of 1m, notably higher than estimates in earlier assessments (74) , and it also has been argued (74, 75) that continued business-as-usual CO 2 emissions could cause multi-meter sea level rise this century. In Supplementary Material we discuss and provide references for estimated sea level rise and for observational evidence about changing ice sheet conditions.
The important point is that the uncertainty is not about whether continued rapid CO 2 emissions would cause large sea level rise -it is about how soon the large changes would begin. If all or most fossil fuels are burned, the carbon will remain in the climate system for many centuries, in which case multi-meter sea level rise is practically certain. Such a sea level rise would create hundreds of millions of global warming refugees from highly-populated low-lying areas, thus likely causing major international conflicts.
Shifting Climate Zones.
Theory and climate models indicate that the tropical overturning (Hadley) atmospheric circulation expands poleward with global warming (9) . There is evidence in satellite and radiosonde data and in reanalyses output for poleward expansion of the tropical circulation by as much as a few degrees of latitude since the 1970s (10, 11), which likely contributes to expansion of subtropical conditions and increased aridity in the southern United States (7, 76) , the Mediterranean region, and southern Australia. Increased aridity and temperature contribute to increased forest fires that burn hotter and are more destructive (12) .
Despite large year-to-year variability of temperature, decadal averages reveal isotherms (lines of a given average temperature) moving poleward at a typical rate of the order of 100 km/decade in the past three decades (77) , although the range shifts for specific species follow more complex patterns (78) . This rapid shifting of climatic zones far exceeds natural rates of change. Movement has been in the same direction (poleward, and upward in elevation) since about 1975. Wild species have responded to climate change, with at least 52 percent of species having shifted their ranges poleward as much as 600 km [and upward as much as 400 m (79)] in terrestrial systems and 1000 km in marine systems (16, 80) .
Humans may adapt to shifting climate zones better than many species. However, political borders can interfere with human migration, and indigenous ways of life already have been adversely affected (74) . Impacts are apparent in the Arctic, with melting tundra, reduced sea ice, and increased shoreline erosion. Effects of shifting climate zones also may be important for indigenous Americans who possess specific designated land areas, as well as other cultures with long-standing traditions in South America, Africa, Asia and Australia.
Extermination of Species.
Biodiversity is affected by many agents including overharvesting, introduction of exotic species, land use changes, nitrogen fertilization, and direct effects of increased atmospheric CO 2 on plant ecophysiology (17) . However, easily discernible effects on animals, plants, and insects arising from rapid global warming in the past three decades have exposed the overriding role of climate change.
A sudden widespread decline of frogs, with extinction of entire mountain-restricted species attributed to global warming (81, 82) , provided a dramatic awakening. There are multiple causes of the detailed processes involved in global amphibian declines and extinctions (83, 84) , but there is agreement that global warming is a key contributor and portends a planetary-scale mass extinction in the making unless humanity takes prompt action to stabilize climate while also fighting biodiversity's other threats (85) .
Mountain-restricted and polar-restricted species are particularly vulnerable. As isotherms move up the mountainside and poleward, so does the climate zone in which a given species can survive. If global warming continues unabated, many of these species will be effectively pushed off the planet. There are already reductions in the population and health of Arctic species in the southern parts of the Arctic, Antarctic species in the northern parts of the Antarctic, and alpine species worldwide (17) .
A critical factor for survival of some Arctic species is retention of all-year sea ice. Continued growth of fossil fuel emissions will cause loss of all Arctic summer sea ice within several decades. In contrast, the scenario in Fig.5a , with global warming peaking just over 1°C and then declining slowly, should allow summer sea ice to survive and then gradually increase to levels representative of recent decades.
The threat to species survival is not limited to mountain and polar species. Plant and animal distributions are a reflection of the regional climates to which they are adapted. Although species attempt to migrate in response to climate change, their paths may be blocked by humanconstructed obstacles or natural barriers such as coast lines. As the shift of climate zones becomes comparable to the range of some species, less mobile species can be driven to extinction. Because of extensive species interdependencies, this can lead to mass extinctions. IPCC (74) reviewed studies relevant to estimating eventual extinctions. They estimate that if global warming exceeds 1.6°C above preindustrial, 9-31 percent of species will be committed to extinction. With global warming of 2.9°C, an estimated 21-52 percent of species will be committed to extinction.
Mass extinctions occurred several times in Earth's history (86) , often in conjunction with rapid climate change. New species evolved over millions of years, but those time scales are almost beyond human comprehension. If we drive many species to extinction we will leave a more desolate planet for our children, grandchildren, and more generations than we can imagine.
Coral Reef Ecosystems.
Coral reefs are the most biologically diverse marine ecosystem, often described as the rainforests of the ocean. Over a million species, most not yet described (87) , are estimated to populate coral reef ecosystems generating crucial ecosystem services for at least 500 million people in tropical coastal areas. These ecosystems are highly vulnerable to the combined effects of ocean acidification and warming.
Acidification arises as the ocean absorbs CO 2 , producing carbonic acid (88) . Geochemical records show that ocean pH is already outside its range of the past several million years (89, 90). Warming causes coral bleaching, as overheated coral expel symbiotic algae and become vulnerable to disease and mortality (91) . Coral bleaching and slowing of coral calcification already are causing mass mortalities, increased coral disease, and reduced reef carbonate accretion, thus disrupting coral reef ecosystem health (14, 92) .
Local human-made stresses add to the global warming and acidification effects, all of these driving a contraction of 1-2% per year in the abundance of reef-building corals (13) . Loss of the three-dimensional coral reef frameworks has consequences for the millions of species that depend on them. Loss of these frameworks also has consequences for the important roles that coral reefs play in supporting fisheries and protecting coastlines from wave stress. Consequences of lost coral reefs can be economically devastating for many nations, especially in combination with other impacts such as sea level rise and intensification of storms.
Climate Extremes. Extremes of the hydrologic cycle are expected to intensify in a warmer world. A warmer atmosphere holds more moisture, so heavy rains become more intense, bringing more frequent and intense flooding. Higher temperatures, on the other hand, increase evaporation and intensify droughts, as does expansion of the subtropics with global warming. Heat waves lasting for weeks have a devastating impact on human health: the European heat wave of summer 2003 caused over 70,000 excess deaths (93) . This heat record for Europe was surpassed already in 2010 (94) . The number of extreme heat waves has increased several-fold due to global warming (18, 95) and will be multiplied further if temperatures continue to rise.
IPCC reports (2, 74) confirm that precipitation has generally increased over land poleward of the subtropics and decreased at lower latitudes. Unusually heavy precipitation events have increased in Europe, North America, Southeast Asia and Australia. Droughts are more common, especially in the tropics and subtropics.
Glaciers are in near-global retreat (74) . Loss of glaciers can degrade the supply of fresh water to millions of people (7) . Increased winter snowfall with a warmer moister atmosphere will tend to increase spring flooding but leave rivers drier during the driest months.
Human Health. Climate change causes a variety of human health impacts, with children especially vulnerable. These include food shortages, polluted air, and contaminated or scarce supplies of water, along with an expanding area of vectors causing infectious diseases and more intensely allergenic plants. World health experts have concluded with "very high confidence" that climate change already contributes to the global burden of disease and premature death (74) .
IPCC (74) projects the following trends, if CO 2 emissions and global warming continue to increase, where only trends assigned very high confidence or high confidence are included: (i) increased malnutrition and consequent disorders, including those related to child growth and development, (ii) increased death, disease and injuries from heat waves, floods, storms, fires and droughts, (iii) increased cardio-respiratory morbidity and mortality associated with ground-level ozone. While IPCC also projects fewer deaths from cold, this positive effect is far outweighed by the negative ones.
With the growing awareness of the consequences of human-caused climate change, adults and children especially are susceptible to a range of anxiety and depressive disorders. Children cannot avoid hearing that the window of opportunity to act in time to avoid dramatic climate impacts is closing, and that their future and that of other species is at stake. While the psychological health of our children needs to be protected, denial of the truth exposes them to even greater risk.
The Supporting Information has further discussion of health impacts of climate change.
Implications for Humanity
Fossil fuel emissions to date are a small fraction of potential emissions from known reserves and potentially recoverable resources (Fig. P1) . Although there are uncertainties in reserves and resources, ongoing fossil fuel subsidies and continuing technological advances ensure that more and more of these fuels will be economically recoverable.
Initiation of phase-out of fossil fuel emissions is urgent. CO 2 from fossil fuel use stays in the surface climate system for millennia. Thus continued high emissions would leave young people and future generations with an enormous clean-up job. The task of extracting CO 2 from the air is so great that success is uncertain at best, raising the likelihood of a spiral into climate catastrophes and efforts to "geo-engineer" restoration of planetary energy balance.
Most proposed schemes to artificially restore Earth's energy balance aim to reduce solar heating, e.g., by maintaining a haze of stratospheric particles that reflect sunlight to space. Such attempts to mask one pollutant with another pollutant almost inevitably would have unintended consequences. Moreover, schemes that do not remove CO 2 would not avert ocean acidification.
The implication is that the world must move expeditiously to carbon-free energies and energy efficiency, leaving most remaining fossil fuels in the ground. Yet transition to a postfossil fuel world of clean energies will not occur as long as fossil fuels are the cheapest energy. Fossil fuels are cheap only because they are subsidized and do not pay their costs to society. Air and water pollution from fossil fuel extraction and use have high costs in human health, food production, and natural ecosystems, costs borne by the public. Huge costs of climate change and ocean acidification also are borne by the public, especially young people and future generations.
Thus the essential underlying policy, albeit not sufficient, is for emissions of CO 2 to come with a price that allows these costs to be internalized within the economics of energy use. The price should rise over decades to enable people and businesses to efficiently adjust their lifestyles and investments to minimize costs. The right price for carbon and the best mechanism for carbon pricing are more matters of practicality than of economic theory.
Economic analyses indicate that a carbon price fully incorporating environmental and climate damage would be high (96) . The cost of climate change is uncertain to a factor of 10 or more and could be as high as ~$1000/tCO 2 (97) . While the imposition of such a high price on carbon emissions is outside the realm of short-term political feasibility, a price of that magnitude is not required to engender a large change in emissions trajectory.
An economic analysis indicates that a tax beginning at $15/tCO 2 and rising $10/tCO 2 each year would reduce emissions in the U.S. by 30% within 10 years (98) . Such a reduction is more than 10 times as great as the carbon content of tar sands oil carried by the proposed Keystone XL pipeline (830,000 barrels/day) (99) . Reduced oil demand would be nearly six times the pipeline capacity (98) , thus rendering it superfluous.
Relative merits of a carbon tax and cap-and-trade have long been debated (100) . A capand-trade system for CO 2 emissions was implemented in Europe, but not in the U.S., where opponents of any action on climate won the political battle by branding cap-and-trade as a devious new tax. However, a gradually rising fee on carbon emissions collected from fossil fuel companies with proceeds fully distributed to the public, was praised by the policy director of Republicans for Environmental Protection (101) as: "Transparent. Market-based. Does not enlarge government. Leaves energy decisions to individual choices… Sounds like a conservative climate plan."
A rising carbon emissions price is the sine qua non for fossil fuel phase out. However, it is not sufficient. Governments also should encourage investment in energy R&D and drive energy and carbon efficiency standards for buildings, vehicles and other manufactured products. Investment in global climate monitoring systems and support for climate mitigation and adaptation in undeveloped countries are also needed.
Despite evidence that a rising carbon price and these supplementary actions would drastically shrink demand for fossil fuels, governments and businesses are rushing headlong into expanded extraction and use of all fossil fuels. How is it possible that large human-driven climate change is unfolding virtually unimpeded, despite scientific understanding of likely consequences? Would not governments -presumably instituted for the protection of all citizens -have stepped in to safeguard the future of young people? A strong case can be made that the absence of effective leadership in most nations is related to the undue sway of special financial interests on government policies aided by pervasive public relations efforts by organizations that profit from the public's addiction to fossil fuels and wish to perpetuate that dependence (102, 103) .
A situation in which scientific evidence cries out for action, but a political response is impeded by the financial power of special interests, suggests the possibility of an important role for the judiciary system. Indeed, in some nations the judicial branch of government may be able to require the executive branch to present realistic plans to protect the rights of the young (104) . Such a legal case for young people should demand plans for emission reductions that are consistent with what the science shows is required to stabilize climate. Judicial recognition of both the exigency of the climate problem and the rights of young people, we believe, will help draw attention to the need for a rapid change of direction.
Nevertheless, fundamental change is unlikely without public support. Gaining that support requires widespread recognition that a prompt orderly transition to the post fossil fuel world, via a rising price on carbon emissions, is technically feasible and may even be economically beneficial apart from the benefits to climate.
The most basic matter is not one of economics, however. It is a matter of morality -a matter of intergenerational justice. As with the earlier great moral issue of slavery, an injustice done by one race of humans to another, so the injustice of one generation to others must stir the public's conscience to the point of action. Until there is a sustained and growing public involvement, it is unlikely that the needed fundamental change of direction can be achieved.
A broad public outcry may seem unlikely given the enormous resources of the fossil fuel industry, which allows indoctrination of the public with the industry's perspective. The merits of coal, of oil from tar sands and the deep ocean, of gas from hydrofracking are repeatedly extolled, all of these supposedly to be acquired with utmost care of the environment. Potential climate concerns are addressed, if at all, by discrediting climate science and scientists (102) .
Yet human cultures have long revered the environment and other life on the planet, and an obligation to future generations is broadly recognized. Religious leaders have expressed support for ameliorating the causes of human-made climate change, in messages ranging from general statements by the Catholic Pope (105) to specific endorsement by the Buddhist Dalai Lama (106) of the target to reduce atmospheric CO 2 below 350 ppm. In our Supporting Information, the Executive Coordinator of the National Religious Coalition on Creation Care describes support for actions to stem climate change by an array of religions in the United States spanning Evangelical, mainline Protestant, Catholic, Jewish, and Eastern Orthodox faiths.
Indigenous people and people in developing countries have done little to cause climate change but will likely suffer some of the worst consequences. Many are resisting exploitation of their land and peacefully demanding policy changes. Indigenous people, farmers, scientists, environmentalists and other members of the public have peacefully demonstrated against new fossil fuel developments such as the tar sands Keystone pipeline (107) and hydrofracking in the Delaware River Basin.
Considering the stakes involved, it is disquieting that young people have not become more involved in the issue of the planet's future and more insistent on intergenerational justice. The tentative efforts to pursue legal redress, for which our present paper provides scientific rationale and quantification, are an effort of adults on behalf of young people. In the case of the very young, their inactivity is understandable. College-educated youth are equipped to understand the predicament and articulate their case, but their numbers so far have been too modest for their voice to compete against special financial interests (102, 103).
Yet it is possible to imagine a scenario in which a social tipping point is reached and the world begins to rapidly phase out fossil fuel emissions. When public concern reaches a high level, some influential leaders of the energy industry, well aware of the moral issue, could join the campaign to phase out fossil fuel emissions. Many business leaders recognize the merits of a rising price on carbon emissions, and likely would be supportive of such an approach once they realize that large rapid emission reductions are essential. Given the relative ease with which a carbon price can be made international (100), a rapid phasedown of emissions may be feasible. As fossil fuels are made to pay their costs to society, energy efficiency and clean energies could themselves reach a tipping point where they begin to be rapidly adopted.
Can the human tipping point be reached before the climate system passes a point of no return? What we have shown in this paper is that time is rapidly running out. The era of doubts, delays and denial, of ineffectual half-measures, must end. The period of consequences is beginning. If we fail to stand up now and demand a change of course, the blame will fall on us, the current generation of adults. Our parents did not know that their actions could harm future generations. We will only be able to pretend that we did not know. And that is unforgiveable.
source is release from Antarctic permafrost and peat (18) . One reason for questioning the methane hydrate source, whether that source could be large enough given the warmer ocean at that time, has been affirmatively addressed (19) . Regardless of the carbon source, PETM occurred during a 10-million year period of slow global warming driven by low-level volcanic carbon emissions, suggesting that the methane release may have initiated at a physical threshold, acting as a powerful feedback magnifying that warming. Support for the interpretation that the carbon release was an amplifying feedback is provided by evidence that several other PETM-like events in Earth's history (spikes in global warming and lightcarbon sediments) were astronomically paced, i.e., they occurred during the warm phase of climate oscillations associated with perturbations of Earth's orbit (14) .
The PETM witnessed global scale disruption of marine and terrestrial ecosystems with mass migration, temporary redistribution of many species toward higher latitude, and rapid evolution, particularly toward dwarfism of mammals, but with only minor extinctions (15) . The evolution toward smaller body size may have been a result of a decline in biological productivity and food availability (20) .
An important point is that the magnitude of the PETM carbon injection and warming is comparable to what will occur if humanity burns most of the fossil fuels, but the human-made warming is occurring 10-100 times faster. We have no empirical evidence on the ability of life on Earth to maintain itself during such a large, rapid climate change, with climate zones shifting much faster than species have ever experienced. The faster carbon addition also means that acidification and carbonate dissolution in the surface ocean would be more severe than that experienced by surface-dwelling organisms in the PETM.
Human Health
If fossil fuel emissions continue to increase rapidly, as in the business-as-usual scenarios of IPCC (21), substantial impacts of climate change on human health are likely. Some effects are already beginning to occur.
Infectious Disease. Increased temperature and flooding facilitate spread of infectious diseases by increasing the range and frequency of conditions favoring blood-sucking arthropods, such as mosquitoes, fleas, lice, biting flies, bugs and ticks. Warmer winters and polar amplification of warming are especially effective in increasing the range of these disease-bearing vectors. Tick-borne Lyme disease has expanded rapidly and become the most important vector-borne disease in the United States (http://www.columbialyme.org/research/abstracts.html).
Crop Pests and Disease. Warming fortifies pests and weakens hosts in forests, agricultural systems, and marine life. Warmer winters allow pine bark beetles to overwinter and expand their range, to the detriment of boreal forests. Climate trends also favor expansion of the Asian long-horned beetle and wooly adelgid to the detriment of trees in the Northeast United States. Warming increases the range of pests such as white flies, aphids and locust that damage crops, and it stimulates growth of agricultural weeds, leading to increased use of pesticides and herbicides that themselves are harmful to human health. Warming harms coral and other species hosted by coral reefs, and, along with excess nutrients from fertilizers, contributes to harmful algal blooms that cause dead zones in coastal waterways and estuaries (22) .
Heat Waves and Droughts. Global warming, although "only" 0.8°C in the past century, is already sufficient to substantially increase the likelihood of extreme heat waves and droughts. The probability of occurrence of extreme anomalies as great as the Moscow heat wave in 2010 and the Texas/Oklahoma heat wave and drought of 2011 has increased by several times because of global warming (22) , and the probability will increase even further if global warming continues to increase. Heat waves cause illness and death and also can lead to an increase in aggression, including violent assaults (23) and suicide (24) .
Food Insecurity. Food supplies are compromised by increasing climate extremes, crop pests, and displacement of food crops by biofuel crops (21) . Unusually extensive droughts and floods in 2010 caused widespread grain shortages and raised food prices, causing food riots in Uganda and Burkina Faso and likely contributing to political instability and uprisings in North Africa and the Middle East. Food shortages and price hikes contribute to malnutrition and poor health that increase vulnerability to infectious diseases, and also are frequently factors in conflicts and wars (21) .
Religions and Climate
There is widespread support among religions for preserving climate and the environment. An indicative sample of religious statements follows.
World Council of Churches. At their meeting in Geneva Switzerland on 13-20 February 2008 the World Council of Churches called urgently for the churches to strengthen their moral stand in relationship to global warming and climate change, recalling its adverse effects on poor and vulnerable communities in various parts of the world, and encouraging the churches to reinforce their advocacy towards governments, NGOs, the scientific community and the business sector to intensify cooperation in response to global warming and climate change (http://nrccc.org/?page_id=40).
Evangelicals. Evangelical organizations are diverse, but leaders of American evangelical faiths have issued an evangelical call to action concerning climate change, recognizing a responsibility to offer biblically-based moral witness that helps shape public policy and contributes to the will-being of the world (http://nrccc.org/?page_id=42). 
